Damkier HH, Prasad V, Hü bner CA, Praetorius J. Nhe1 is a luminal Na ϩ /H ϩ exchanger in mouse choroid plexus and is targeted to the basolateral membrane in Ncbe/Nbcn2-null mice.
membrane targeting; acid/base transporters; intracellular pH; immunohistochemistry THE CHOROID PLEXUS EPITHELIUM (CPE) is a cerebrospinal fluid (CSF)-secreting tissue located in the brain ventricles. The secretion process in the CPE is driven by direct Na ϩ extrusion by the luminal Na-K-ATPase (22, 23, 31) . The mechanism by which Na ϩ enters the CPE from the basolateral side is, however, not fully established. CSF secretion varies with basolateral pH and [HCO 3 Ϫ ], is sensitive to the anion transport inhibitor DIDS (9, 14) , and the Na ϩ /H ϩ exchange inhibitor amiloride (6, 16) . This indicates the involvement of Na ϩ -dependent acid/base transporters in the secretory process. At least three Na ϩ -dependent acid/base transporters are expressed in the CPE and may candidate as important Na ϩ import pathways (Fig. 1A) .
The Slc4a10 gene product Ncbe/Nbcn2 (17, 30 ) is a basolateral, electroneutral, and DIDS-sensitive Na ϩ -HCO 3 Ϫ importer in the CPE. Deletion of Ncbe/Nbcn2 in mice results in a 70% decreased pH i recovery rate following acidification in CPE cells (8) . The brain ventricle size in the Ncbe/Nbcn2 knockout (Ncbe/Nbcn2-ko) mice was decreased by 78% compared with wild-type mice, suggesting that Ncbe/Nbcn2 may be the key blood side Na ϩ importer in the CPE (8) . Another electroneutral Na ϩ -HCO 3 Ϫ importer Nbcn1 (or NBC3, Slc4a7 gene product) is also located in the basolateral membrane of the rat and mouse CPE (20) . In humans, most CPE cells also express Nbcn1 in the basolateral membrane, but some areas exhibit luminal Nbcn1 expression (21) . Nbcn1 has been suggested to serve as the main mechanism for rat CPE cells to restore pH i following acidification (2) . However, Nbcn1 is relatively DIDS insensitive and cannot account for the DIDS sensitivity of CSF secretion. Slc9a1 mRNA, encoding the Na ϩ /H ϩ exchanger Nhe1, has also been detected in the rat choroid plexus (10) . Nhe1 protein has been suggested to be expressed in the basolateral membrane of CPE cells to explain the amiloride sensitivity of CSF secretion (6, 27) . The exact localization of the protein in the CPE cell has not been reported previously. The contribution of Nhe1 to pH i regulation in CPE cells is modest compared with Na ϩ -dependent HCO 3 Ϫ transport in the presence of HCO 3 Ϫ /CO 2 (2, 14) . No other Na ϩ transporters have been described in the basolateral membrane, but Nbce2, a DIDS-sensitive electrogenic Na ϩ -HCO 3 Ϫ cotransporter, is located in the luminal membrane of CPE-cells (2) .
Given the pronounced effects of Ncbe/Nbcn2 disruption on CPE described above, we investigated to what extent the loss of Ncbe/Nbcn2 was compensated for by other basolateral Na ϩ -dependent acid/base transporters. The DIDS sensitivity of residual Na ϩ -dependent HCO 3 Ϫ cotransport was studied, as was protein abundances and membrane targeting of the Na ϩ -dependent acid/base transporters expressed by the CPE. The localization and activity of the Na ϩ /H ϩ exchanger Nhe1 was studied in normal mice, Nhe1 knockout mice, and Ncbe/Nbcn2 knockout mice, by semiquantitative immunofluorescence and recordings of intracellular pH regulation in CPE cells.
EXPERIMENTAL PROCEDURES
Animals and human material. Heterozygous Ncbe/Nbcn2 null mice on mixed 129SV/C57Bl6 background (8) were bred to obtain Ncbe/ Nbcn2 knockout (Ncbe/Nbcn2-ko) and Ncbe/Nbcn2 wild-type (Ncbe/ Nbcn2-wt) mice. Heterozygous Nhe1 null mice on FVB background (1) were mated to produce Nhe1 knockout (Nhe1-ko) and Nhe1 wild-type (Nhe1-wt) mice. Genotypes were determined by polymerase chain reaction (PCR) of genomic DNA from tail biopsies. Tails were boiled at 95°C for 30 min in 25 mM NaOH and 0.2 mM EDTA. For the PCR reaction, a total of 20% DNA-containing solution was added 1 pmol of each primer (Table 1) and HotStarTaq Master Mix (Qiagen). After activation at 95°C for 15 min, PCR was performed for 35 cycles: denaturation at 95°C for 30 s, annealing at 58°C for 30 s (Ncbe/Nbcn2) or 57°C for 1 min (Nhe1), and elongation at 72°C for 1 min. PCR products were separated by 2% agarose gel electrophoresis with ethidium bromide and photographed under ultraviolet illumination. Littermates were compared in all experiments. All procedures were conformed to Danish animal welfare regulations. The authors are licensed to breed the mouse strains and conduct the described experiments by the Danish Ministry of Justice. Human RNA from choroid plexus and control tissues was purchased from Tebu-bio and human tissues for immunohistochemistry were obtained post mortem from donated tissue according to the Danish guidelines for use of human material.
Reverse transcription-PCR. Mouse RNA was isolated using RNeasy Mini Kits (Qiagen) and was DNAse treated (RQ DNaseI, Promega). Human total RNA was DNAse treated by the provider (Tebu-bio). The RNA was reverse transcribed using 2 U/l RT (Superscript II, Invitrogen). A total of 10% cDNA and 1 pmol of each primer (Table 1) was added HotStarTaq Master Mix. After activation at 95°C for 15 min, PCR was performed for 30 cycles: denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 1 min. Negative controls included omission of reverse transcription or omission of cDNA. PCR for ␤-actin was performed to validate the template using exon spanning primers (not shown). PCR products were separated and visualized as above. Primers to mouse Nhe1 and human NHE1 yielded products of 247 bp and 502 bp, respectively.
Immunohistochemistry. Mice from both strains were fixed via the heart with 3% paraformaldehyde in a phosphate-buffered salt solution (PBS, in mM: 167 Na ϩ , 2.8 H2PO 4 Ϫ , 7.2 HPO 4 2Ϫ ; pH 7.4). The brain was removed after fixation, dehydrated, embedded in paraffin wax, and 2-m sections were cut using a rotating microtome (Leica). The sections were dewaxed and stepwise rehydrated. Epitopes were retrieved by boiling the sections in 10 mM Tris buffer (pH 9) with 0.5 mM EGTA, and then quenched with 50 mM NH 4Cl. Unspecific binding was blocked by 1% BSA in PBS with 0.2% gelatin and 0.05% saponin.
The sections were incubated overnight at 4°C with primary antibodies diluted in 0.1% BSA in PBS added 0.3% Triton X-100. Anti-Nhe1, -Nbcn1, -Ncbe/Nbcn2, and -Nbce2 antibodies were previously described and validated: Nhe1 (24, 28) , Nbcn1 (5), Ncbe/ Nbcn2 (8, 20) , and Nbce2 (2). The interneuron marker glutamic acid decarboxylase (GAD, Alexis) was used for whole brain scanning images. The primary antibodies were visualized using Alexa Fluor 488-coupled goat anti-rabbit secondary antibodies (Invitrogen). Nuclei were visualized by Topro3 counterstaining (Invitrogen). After Fig. 1 . A: diagram of selected transporters in the choroid plexus epithelium (CPE) cell important for intracellular pH (pHi) regulation. In the luminal membrane: Nbce2 (electrogenic Na ϩ -HCO 3 Ϫ cotransporter-2); Nhe1 (Na ϩ /H ϩ exchanger-1); Na-K-ATPase; Nbcn1 (electroneutral Na ϩ -HCO 3 Ϫ cotransporter-1). In the basolateral membrane: Nhe1; Ae2 (anion exchanger-2); Ncbe/Nbcn2 (Na ϩ -dependent Cl Ϫ /HCO 3 Ϫ exchanger or electroneutral Na ϩ -HCO 3 Ϫ cotransporter-2); Nbcn1. Grey color indicates proteins with varying localization. B: calibration of intracellular 2Ј,7Ј-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) fluorescence to pHi level. Isolated clusters of CPE cells were loaded with membrane-permeable BCECF-AM, and pHi was clamped to varying known extracellular pH values by superfusion with high-K ϩ HEPES-buffers containing nigericin (inset). The figure shows the fluorescence excitation ratio (495 to 440 nm) as the function of pHi, and a means Ϯ SE-weighted sigmoidal fit has been added. Data represents means Ϯ SE of 5 experiments on wild-type, heterozygous, and Ncbe/Nbcn2-ko mice. C: intrinsic buffering power was assessed by applying NH 4 ϩ pulses in Na ϩ -free and HCO 3 Ϫ /CO2-free HEPES-buffer at different values of pHi. A 5 mM NH4Cl pulse was followed by 20, 10, 5, and 0 mM NH4Cl pulses (inset). The induced pHi changes were used to calculate the mean intrinsic buffering power at the corresponding mean level of pHi. Data represents mean values Ϯ SE of 6 pooled experiments from Ncbe/Nbcn2-ko and -wt. A means Ϯ SE-weighted exponential fit of the data has been added. being washed, sections were mounted with a coverslip in Glycergel Antifade Medium (Dako) and inspected on a Leica DMIRE2 inverted microscope with TC5 SPZ confocal unit using a ϫ64/1.32 numerical aperture HCX Pl Apo objective. Sections from mouse kidney and duodenum were used as positive controls. Some immunofluorescence images were merged with the corresponding differential interference contrast image to reveal the subcellular localization of the fluorescence labeling. Where necessary the luminal surface was outlined from the differential interference contrast images and background fluorescence to clarify the localization. For flat-bed laser scanning, Alexa Fluor-680 and -800 secondary antibodies were applied and the signal visualized on a LiCor Odyssey scanner. For peroxidase staining, horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (Dako) were used. Labeling was visualized by 3,3Ј-diaminobenzidine tetrahydrochloride dissolved in PBS with 0.1% H 2O2 for 5 min in PBS. Mayer's hematoxylin was used for counterstaining, and the sections were dehydrated in graded alcohol and xylene and mounted in hydrophobic Eukitt mounting medium (O. Kindler). Brightfield microscopy was performed on a Leica DMRE microscope equipped with a Leica DM300 digital camera.
Semiquantization of immunofluorescence on brain sections. The protein abundance of Nhe1, Nbcn1, Nbce2, and Ncbe/Nbcn2 proteins was investigated by quantifying the immunofluorescence intensities from confocal micrographs. Images were acquired in the focal plane with the highest signal intensity using fixed settings for magnification, laser power, gain, offset, and averaging for all images with a given antibody. To avoid saturation of the photomultiplier, the dynamic range (gain and offset) was adjusted to span the intensities of the most intense sample for each antibody. Linearity of the signal was verified by serial dilutions of the secondary antibody on slides mounted in antifade mounting medium (Glycergel Antifade Medium, Dako, data not shown). With the applied midlevel gain, midlevel laser power, linearity of the fluorescence signal was fully conserved as long as saturated pixels are avoided and background is kept around 1 gray value (8-bit image depth). Thus the dynamic range practically allows detection of more than 100-fold changes in fluorescence signal. The choroid plexus immunofluorescence intensities were quantified after background subtraction using Image Pro software (Media Cybernetics). For each image, the choroid plexus epithelium was outlined semiautomatically, and the total fluorescence within the region was determined and divided by the area of the outlined region. For each antibody, values were normalized to the area-corrected immunofluorescence of wild-type mouse choroid plexus.
Intracellular pH measurements. Mice were anesthetized by isoflurane inhalation and terminated by decapitation. The brain was removed and placed in a cold HEPES-buffered salt solution (HBS in mM: 145 Na ϩ , 0. 7.4 ) and placed on ice for 20 -30 min. The choroid plexus was removed from the brain ventricles by manual dissection under a stereo microscope and placed on ice in HBS. The tissue was used for experiments within 2-4 h. Two protocols were used depending on whether the investigation was focused on bilateral or luminal transport. To gain access to both luminal and basolateral transporters, the choroid plexi were digested into small clusters of cells with 4 g/ml dispase (Invitrogen) and 4 g/ml collagenase type IV (PAN Biotech) in Ca 2ϩ free HBS at 37°C for 30 min. In the second protocol used for studying luminal Nhe activity, the isolated choroid plexus cells were plated directly after dissection to minimize ionic access to the basolateral transporters.
Both digested and nondigested choroid plexi were mounted on Cell-Tak-coated (BD Biosciences) coverslips for 30 min at 37°C. The tissue was loaded with the pH-sensitive fluorescent dye BCECF-AM (Invitrogen). The coverslips were mounted in a closed perfusion chamber (358 l vol RC-21BR; Harvard Apparatus) and loaded for 10 -15 min with 2 M BCECF-AM for digested choroid plexus and 10 M BCECF-AM for nondigested choroid plexus because of slow dye uptake. The slow dye uptake was used to ascertain the lack of basolateral access in the nondigested choroid plexus. Areas near the open end of the choroid plexus showed very rapid dye uptake. Regions of interest were chosen at least 100 m from such areas. Leak of simple ions through the tight junctions cannot be ruled out, because the choroid plexus is a leaky epithelium. The tissue was superfused with a linear flow rate of 0.8 mm/s corresponding to 1 ml/min or 2.8 bath changes per min during recording at 37°C throughout the experiments. The dye excitation periods of 20 ms were alternating between 495 nm and 440 nm light from a monochromator (Till Photonics). The light emission at 510-to 535-nm was recorded by a 12-bit cooled monochrome CCD camera (QImaging, Retiga EXi). QED InVivo imaging software (Media Cybernetics) was used to control wavelength, light exposure time (40 ms), frequency (1 image pair each 4 s), and binning (to 348 ϫ 260 pixel images), as well as for the data collection from user-defined regions of interest (individual cells/cytosol). Excitation ratios were calibrated from choroid plexus epithelial cells where pHi was clamped to stepwise changing extracellular pH (pH o) by 10 M nigericin in a high-K ϩ buffer (Ncbe/ Nbcn2 mice: Fig. 1B) (3) .
Experiments were performed either in the presence or absence of HCO 3 Ϫ /CO2 as indicated. Cells in both protocols were first allowed to equilibrate to a baseline level in the Na ϩ containing buffer and were then acidified by an NH 4Cl prepulse (3-5 min with equimolar substitution of Na ϩ by NH 4 ϩ ), shifted to a Na ϩ -free buffer for 1-2 min (equimolar substitution of Na ϩ by N-methyl-D-glucammonium), and then shifted back to bicarbonate-buffered solution (BBS, in mM: 145 Na ϩ , 0. 7 .0 in nigericin/ high-K ϩ buffer as described by Boyarsky and co-workers (3). The rate of pH i recovery was determined as the pHi increase over 60 s after reintroduction of Na ϩ (dpHi/dt). Only experiments where the washout of NH 4Cl resulted in significant acidification under baseline pH i level were included in the study. The net d[H ϩ ]i/dt was calculated as the product of the intrinsic buffering power (␤ int) and the dpH i/dt. In studies performed in the presence of CO2/HCO 3 Ϫ , the total buffering power (␤ tot) was calculated as the sum of (␤int) and the contribution of the CO 2/HCO3 Ϫ buffering system. Net d[H ϩ ]i/dt in the presence of CO 2/HCO3 Ϫ was calculated as the product of ␤tot and dpH i/dt (3). To avoid any involvement of transport processes, Na ϩ was replaced with N-methyl-D-glucamine throughout these experiments. NH 4 ϩ /NH3-containing solutions were added in the order of 5, 20, 10, 5, and 0 mM to calculate the buffering power at different pH i values (Fig. 1C, inset) 4 ϩ ]i divided by the change in pHi was determined as the buffering power of the cell at the half point between the two steady-state pHi levels. The buffering power calculations were grouped into pH i intervals of 0.25 (Fig. 1C) . Calibration data and buffering capacity estimates were collected from digested CPE preparations from each mouse line. The data from three individual cells per recording and one to three recordings per animal were pooled for each experiment (n). Thus each n represents one animal. 
RESULTS

Ncbe/Nbcn2 mediates DIDS-sensitive Na
ϩ -dependent pH i recovery in the murine choroid plexus. The Na ϩ -dependent pH i recovery in the presence of CO 2 /HCO 3 Ϫ was measured on small clusters of cells from the choroid plexus from the Ncbe/Nbcn2-ko and Ncbe/Nbcn2-wt littermates. The net acid extrusion rate in the Ncbe/Nbcn2-ko was reduced by 67% compared with Ncbe/Nbcn2-wt (wt: n ϭ 6; ko: n ϭ 5, P Ͻ 0.01, Fig. 2, A and B) . Initial pH i after acidification did not differ between Ncbe/Nbcn2-wt and Ncbe/Nbcn2-ko. Application of DIDS during pH i recovery inhibited the net acid extrusion rate in Ncbe/Nbcn2-wt, but no further inhibition was observed in Ncbe/Nbcn2-ko (n ϭ 5, P Ͼ 0.05, Fig. 2B ). Thus Ncbe/Nbcn2 seems to be the major DIDS-sensitive Na ϩ -HCO 3 Ϫ transporter in the acidified choroid plexus and neither the DIDS-insensitive Na ϩ -HCO 3 Ϫ transport nor the Na ϩ /H ϩ exchange are increased as compensation in Ncbe/Nbcn2-ko CPE. An immunofluorescence microscopical approach was used to compare acid/base transport protein expression levels in knockout mice and wild-type littermates. Anti-Ncbe/Nbcn2 immunoreactivity was present in several brain structures including the choroid plexus (Fig. 2C, top) , whereas it was absent in the Ncbe/Nbcn2-ko brain (Fig. 2C, bottom) . As shown in Fig. 2D , the anti-Ncbe/Nbcn2 immunofluorescence signal was decreased by 94% in Ncbe/Nbcn2-ko compared with Ncbe/Nbcn2-wt (n ϭ 4, P ϭ 0.0001).
Nbcn1 and NBCe2 protein abundance is not changed in Ncbe/Nbcn2-ko mice. To support the functional lack of compensatory Nbcn1 activity (i.e., DIDS-insensitive Na ϩ -HCO 3 Ϫ cotransport) in Ncbe/Nbcn2-ko choroid plexus, we stained brain sections with anti-Nbcn1 antibodies. Immunoreactivity was detected corresponding to the luminal membrane domain in both Ncbe/Nbcn2-ko and Ncbe/Nbcn2-wt CPE (Fig. 2E) . The anti-Nbcn1 fluorescence intensity was unchanged in Ncbe/ Nbcn2-ko compared with Ncbe/Nbcn2-wt (139% not significant, n ϭ 4, Fig. 2E ). The electrogenic Na ϩ -HCO 3 Ϫ cotransporter Nbce2 is located in the luminal membrane domain of choroid plexus cells and is DIDS-sensitive like Ncbe/Nbcn2. Since we did not detect DIDS-sensitive HCO 3 Ϫ recovery in isolated CPE cells from Ncbe/Nbcn2-ko mice, Nbce2 seems unable to work in an inward transport mode under these circumstances. Nevertheless, anti-Nbce2 immunoreactivity was detected corresponding to the luminal CPE membranes, and the fluorescence intensities were similar in Ncbe/Nbcn2-ko and Ncbe/Nbcn2-wt CPE (106% Not significant, n ϭ 4, Fig. 2F ).
Mouse and human choroid plexus express Nhe1/NHE1 mRNA and protein. As described above, Nhe1 has been proposed as an alternative basolateral Na ϩ -loading mechanism in the choroid plexus. Figure 3A illustrates that RT-PCR produced a 247-bp Nhe1 product in mouse choroid plexus as well as a 502-bp NHE1 product from human choroid plexus. AntiNhe1 immunoreactivity was primarily found corresponding to the luminal membrane domains of choroid plexus in the Nhe1-wt mice, although weak basolateral staining cannot be ruled out (Fig. 3B, left) . The inset in Fig. 3B shows the labeling pattern in Nhe1-ko mouse CPE. In human CPE, similar luminal membrane domain anti-NHE1 labeling was observed (Fig. 3B,  right) . The anti-Nhe1-immunoreactivity was determined in Nhe1-wt and Nhe1-ko mouse CPE to further validate the novel Nhe1 labeling pattern. Nhe-1 protein abundance was reduced by 95% in Nhe1-ko mice CPE (P ϭ 0.0029, n ϭ 5, Fig. 3C) . A similar labeling pattern was found in mouse and human CPE with another anti-Nhe1 antibody (from J. Noël, Dept. of Physiology, University of Montreal, Canada, not shown). The Na ϩ -dependent pH i recovery was investigated in the absence of CO 2 / HCO 3 Ϫ on small clusters of CPE to demonstrate the functional presence of Nhe1. The acid extrusion rate in the Nhe1-ko was decreased by 98.5% compared with Nhe1-wt (n ϭ 6, P ϭ 0.0226, Fig. 3D ), indicating that Nhe1 is the only functionally active Na ϩ /H ϩ exchanger in the murine choroid plexus under normal circumstances. Initial pH i after acidification did not differ between the genotypes.
Nhe1 targeting is shifted from luminal to basolateral in Ncbe/Nbcn2-ko mice. To investigate the possible compensatory change of Nhe1 abundance in the Ncbe/Nbcn2-ko mouse, brain sections from the Ncbe/Nbcn2-ko and Ncbe/Nbcn2-wt littermates were stained with anti-Nhe1 antibodies. In contrast to Ncbe/Nbcn2-wt mice CPE, Nhe1 was detected exclusively in the basolateral membrane domain of Ncbe/Nbcn2-ko mice (Fig. 4A) . Despite this remarkable change in membrane targeting, the total Nhe1-specific fluorescence intensity was unchanged in Ncbe/Nbcn2-ko compared with Ncbe/Nbcn2-wt (113%, P ϭ 0.6999, n ϭ 4 for Ncbe/Nbcn2-ko and 6 for Ncbe/Nbcn2-wt, Fig. 4A ).
An EIPA-insensitive Nhe activity is induced in the choroid plexus of Ncbe/Nbcn2-ko mice. As luminal Nhe1 immunoreactivity is absent in the Ncbe/Nbcn2-ko mice and as Nhe1 is the only Na ϩ /H ϩ exchanger in the normal murine CPE, we investigated whether the Na ϩ -dependent pH i recovery in the absence of CO 2 /HCO 3 Ϫ was abolished at the luminal side in intact choroid plexus. Surprisingly, the Ncbe/Nbcn2-ko mice showed increased luminal net acid extrusion rate compared with Ncbe/Nbcn2-wt littermates (n ϭ 5, P Ͻ 0.05, Fig. 4B) . Initial pH i after acidification did not differ between the genotypes. Whereas the luminal accessible net acid extrusion rate was reduced by 81% by EIPA in choroid plexus from Ncbe/ Nbcn2-wt mice (n ϭ 5, P Ͻ 0.05), the pH i recovery was unchanged by EIPA in the Ncbe/Nbcn2-ko mouse choroid plexus (n ϭ 5, P Ͼ 0.05, Fig. 4B ). To investigate the relative contribution of EIPA-sensitive and -insensitive transport to the total cellular Nhe activity in the Ncbe/Nbcn2-ko mice, we again measured the Na ϩ -dependent pH i recovery rate of isolated clusters of CPE. The net acid extrusion rate did not differ between Ncbe/Nbcn2-wt and Ncbe/Nbcn2-ko (P Ͼ 0.05, n ϭ 5, Fig. 4C ). Addition of EIPA during pH i recovery resulted in an 80% inhibition of net acid extrusion rate in Ncbe/Nbcn2-wt (n ϭ 5, P Ͻ 0.05, Fig. 4C) . In Ncbe/Nbcn2-ko, addition of EIPA resulted in a 45% reduction of the net acid extrusion rate (n ϭ 5, P Ͻ 0.05 Fig. 4C ). Thus the EIPA-insensitive component of the pH i recovery was significantly larger in Ncbe/Nbcn2-ko CPE than in Ncbe/Nbcn2-wt CPE (P Ͻ 0.05) indicating an EIPA-insensitive component of Nhe in the Ncbe/Nbcn2-ko that is not present in the Ncbe/Nbcn2-wt mice. The EIPA-sensitive d [H ϩ ] i /dt, (i.e., Nhe1 activity) in the Ncbe-wt is apparently greater in isolated cell clusters than in intact tissue.
Nhe1 ablation does not change Nbcn1 or Ncbe/Nbcn2 expression levels in murine choroid plexus.
We then determined Na ϩ -HCO 3 Ϫ transport protein abundances in Nhe1-ko mice to investigate whether ablation of a Na ϩ -dependent acid/base transporter in one domain of cell in general leads to the compensatory retargeting of an alternative Na ϩ -dependent acid/base transporter from the opposite domain. Both Ncbe/Nbcn2 and Nbcn1 were found in the basolateral membrane domain of CPE of Nhe1-ko as well as Nhe1-wt mice (Fig. 5, A and B) . Neither the anti-Ncbe/Nbcn2 nor the anti-NBCn1 immunoreactivities were changed in Nhe1-ko mouse CPE compared with Nhe1-wt (Ncbe/Nbcn2: 113%, P ϭ 0.5078, n ϭ 5; Nbcn1: 96%, P ϭ 0.4743, n ϭ 5, Fig. 5, A and B) .
DISCUSSION
In the present study, we investigated the cellular implications of deleting an important Na ϩ -dependent HCO 3 Ϫ importer in choroid plexus with regards to other Na ϩ -dependent pH i regulatory mechanisms. The hypothesis was that the epithelium might compensate appropriately for the lack of Ncbe/Nbcn2 by increasing the abundance or function of other Na ϩ -HCO 3 Ϫ transporters expressed in the epithelium. Alternatively, the epithelium might dedifferentiate to a less specialized form in which cell survival is the priority rather than vectorial transport of solutes and water.
In a previous study, deletion of Ncbe/Nbcn2 in the choroid plexus caused a 70% decrease in Na ϩ -dependent pH i recovery rate following acidification (8) . The present study extends this observation in that the residual acid extrusion in Ncbe/ Nbcn2-ko is not DIDS sensitive. The net acid extrusion rate in Ncbe/Nbcn2-ko is similar to the DIDS-insensitive acid extrusion rate in the Ncbe/Nbcn2-wt, indicating that Ncbe/Nbcn2 mediates all DIDS-sensitive HCO 3 Ϫ uptake in CPE. The other DIDS-sensitive Na ϩ -HCO 3 Ϫ transporter in choroid plexus Nbce2 seems not to contribute to the Na ϩ -dependent HCO 3 Ϫ import, although Nbce2 is equally expressed in Ncbe/ Nbcn2-wt and Ncbe/Nbcn2-ko as assessed by immunofluorescence. Originally, NBCe2 was shown to transport Na ϩ and HCO 3 Ϫ outward with a 1:3 stoichiometry (25) or inward, with a 1:2 stoichiometry (29), when expressed in Xenopus oocytes. Recently, Millar and Brown (15) evidenced an outward 1:3 transport mode for the luminal electrogenic Na ϩ -HCO 3 Ϫ transport in mouse CPE. This possibly explains the lack of inward DIDS-sensitive Na ϩ -HCO 3 Ϫ transport in the present study. The DIDS-insensitive Nbcn1 was the most likely protein to compensate for Ncbe/Nbcn2 disruption, as it was previously immunolocalized to the basolateral plasma membrane (20) . In the present study, we find Nbcn1 expressed in the luminal membrane domain in both the Ncbe/Nbcn2-ko and Ncbe/ Nbcn2-wt mice. Luminal membrane labeling of Nbcn1 is observed in some c57bl/6 mouse strains (unpublished data); however, in other mouse strains the immunolabeling has predominantly been basolateral (20) . In rats (20) and humans (21), Nbcn1 is also usually found basolaterally; however, luminal membrane labeling was also reported for parts of the human CPE. The fact that Nbcn1 is not exclusively a basolateral protein suggests that this protein is not critically involved in basolateral Na ϩ import. Furthermore, the DIDS-insensitive net acid extrusion, as well as Nbcn1 abundance, did not differ between Ncbe/Nbcn2-ko and -wt mice, which is consistent with Nbcn1 not being regulated significantly by Ncbe/Nbcn2 disruption.
The Na ϩ /H ϩ exchangers have similar effect on pH i as electroneutral Na ϩ -HCO 3 Ϫ cotransport, and Nhe1 mRNA was previously detected in rat choroid plexus (10) . In this study, Nhe1/NHE1 mRNA was found in both mouse and human choroid plexus, and anti-Nhe1 immunoreactivity is demonstrated for the first time in the choroid plexus. As opposed to other epithelia, Nhe1/NHE1 is mainly located in the luminal membrane domain of CPE in Nhe1-wt mice and humans. The striking luminal localization of Nhe1 was validated by its absence in the Nhe1-ko CPE. The insignificant residual antiNhe1 staining seemed restricted to the cytosol as assessed by immunofluorescence. Nhe1 was thought to be a basolateral protein in CPE if it was to explain the inhibition of CSF secretion by amiloride (16, 27) . However, Nhe1 is by far not the first "basolateral" protein to be expressed luminally by the CPE. The Na-K-ATPases, Nkcc1, Kcc4, and Nbcn1 are usually basolateral epithelial transporters and are luminal proteins in CPE (11, 19, 21, 22) . Other transporters, as Ae2 and Kcc3, are expressed basolaterally in CPE as in other epithelia (12, 18 Ϫ /CO 2 than in its absence. Therefore, the HCO 3 Ϫ -dependent processes seem to be more effective in restoring pH i after acidification than the Nhe proteins in the CPE.
A striking shift in Nhe1 membrane targeting was observed in Ncbe/Nbcn2-ko mouse. The luminal membrane localization of Nhe1 in Ncbe/Nbcn2-wt was shifted to basolateral membrane in Ncbe/Nbcn2-ko. However, the total Nhe1 fluorescence intensity did not differ between Ncbe/Nbcn2-ko and Ncbe/ Nbcn2-wt. To demonstrate this shift functionally, the luminal Na ϩ -dependent net acid extrusion rate in choroid plexus was compared in the Ncbe/Nbcn2-ko mice and wt littermates. The measurements were performed on undigested choroid plexus to assess the luminal membrane transport. Surprisingly, the luminal net acid extrusion rate was larger in the Ncbe/Nbcn2-ko than in Ncbe/Nbcn2-wt CPE. In addition, the Nhe inhibitor EIPA reduced net acid extrusion to a greater extend in the Ncbe/Nbcn2-wt compared with the Ncbe/Nbcn2-ko CPE. This indicated the emergence of an EIPA-insensitive luminal Na ϩ /H ϩ exchanger in the Ncbe/Nbcn2-ko that was not detectable in the Ncbe/Nbcn2-wt. This perception was supported by similar measurements on cell clusters of CPE cells with access to both membrane domains. The increase in EIPA-sensitive acid extrusion rate in isolated cell clusters compared with intact Nhe1-wt tissue may reflect that the antibody does not detect all Nhe1 protein in the section. Not all cells are anti-Nhe1 immunoreactivite at the luminal surface, whereas all of the cells display EIPA-sensitive Nhe activity. The increased EIPA- sensitive Na ϩ /H ϩ activity in digested preparations would then represent a basolateral pool of Nhe1 undetected by the antibodies. Alternatively, the isolation of the cells per se could somehow enhance Nhe1 activity, and finally, quantitative comparison between protocols is problematic as the calibration and buffering power estimation was made only in the digested CPE preparation.
The EIPA-insensitive Nhe form was not identified at the molecular level, because there was no obvious expression of other Nhe forms as judged by RT-PCR and immunohistochemistry. EIPA inhibits different Nhe isoforms with different potency: Nhe1ϾNhe2ϾNhe5ϾNhe3 (13). Little is known about the inhibitor sensitivity of other plasma membrane Nhe forms that may be present in the Ncbe-ko model. It seems unfruitful to engage in functional identification of the luminal Nhe form in Ncbe/Nbcn2-ko mice, despite the emergence of more specific inhibitors for Nhe1 (HOE-694), Nhe2 (T162559R), and for Nhe3 (S-3226), for review (13) . It should be noted that the net acid extrusion rates in the "Nhe1 mouse strain" are not comparable with the values from "Ncbe/Nbcn2 mouse strain." This discrepancy most likely reflects strain-specific basal or season-dependent Nhe1 activities, because the buffering power estimations and calibration curves are similar between strains.
Thus it seems that deleting a central Na ϩ loader and pH i regulator in the choroid plexus causes selective changes in expression and membrane targeting of Nhe1. The translocation of Nhe1 from a predominantly luminal localization to a basolateral localization is most likely a compensation for the lack of Ncbe/Nbcn2 in the basolateral membrane. The translocation seems unique for Nhe1 among the Na ϩ -dependent acid/base transporters in the Ncbe/Nbcn2-ko, although the basolateral targeting motifs are similar among Nhe1, Nbcn1, and Nbce2. These three proteins and Ncbe/Nbcn2 contain YXXV/YXXI as well as double lysine motifs in the intracellular NH 2 -terminus, which have been suggested to be basolateral signals in other proteins (7).
To our knowledge, Nhe1 has only been detected previously on the apical membrane of A6 cells early after synthesis (4). Immature/core glycosylation led to unpolarized targeting of Nhe1 in that study and mature glycosylation of Nhe1 to strict basolateral targeting. We do not find evidence for altered glycosylation of Nhe1 in the Ncbe/Nbcn2-ko or changed molecular size of the deglycosylated Nhe1 protein by immunoblotting (data not shown). Thus the mechanism behind the change in Nhe1 targeting seems not to lie in any of the usual protein features. The retinal pigment epithelium resembles the choroid plexus in the atypical cellular distribution of proteins. A single leucine residue normally targets the CD147 to the basolateral side of polarized epithelia, but this amino acid seems to be ignored by the targeting machinery in the retinal pigment epithelium, and leucine to arginine mutations lead to apical targeting as in other epithelia (7). It is feasible that the protein targeting machinery in the CPE also responds differently to usual targeting motifs and that this response can change with cellular conditions. Nhe1 may be singled out for basolateral targeting in Ncbe/Nbcn2-ko CPE as a defense against apoptosis, because this protein has been shown to improve cell survival in other stressed epithelia (26) . Interestingly, Nhe1 disruption did not evoke a similar compensatory expression of other Nhe proteins. The membrane targeting and abundance of Ncbe/Nbcn2 and Nbcn1 also did not differ between Nhe1-ko and Nhe1-wt CPE. This indicates that Ncbe/ Nbcn2-ko has a more profound impact on CPE cell function than Nhe deletion.
In conclusion, disruption of Ncbe/Nbcn2 had no apparent effect on the function, membrane targeting, or abundance of two other Na ϩ -dependent transporters NBCn1 and NBCe2. In contrast, Ncbe/Nbcn2 disruption causes translocation of Nhe1 protein and activity from the luminal to the basolateral membrane domain and the appearance of an EIPA-insensitive Nheform in the luminal membrane of CPE. It seems that disruption of the major basolateral Na ϩ loader in the CPE causes less than expected compensation with regards to Na ϩ loading capacity.
